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Abstract

In this investigation, powdered red muds an industrial waste from aluminum industries are used as a particulate reinforce-
ment to produce reinforced polymer composite. The influences of the particulate loading on the mechanical and tribological
characteristics of the composites were studied. The red mud particles were subjected to X-ray diffraction examination for
material characterization. The morphological analysis was carried on composite samples by optical microscopy and scan-
ning electron microscopy. An eco-friendly composite with superior mechanical and tribological properties which may find
its application in non-metallic gears because of its good impact strength and superior wear resistance has been fabricated

and studied.
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1 Introduction

Fast industrial advancement over the last years has resulted
in the generation of massive amounts of strong wastes in the
type of mud, ash or slag, which has currently progressed as
an ecological hazard as well as it needs disposal and/or effi-
cient use. The majority of these wastes are discarded in land-
fills, which is eco harmful. It is crucial to look for brand-new
opportunities to reuse or recycle these not natural deposits. It
appears from the properties of a few of these wastes, created
from various procedures that they have a sporting chance for
reusing and also for efficient application in creating numer-
ous value-added products. Currently, in the worldwide situ-
ation, contamination is just one of the significant issues
which are very closely pertaining to the quick automation,
urbanization, as well as innovation of the living criteria of
individuals. While automation is quite required for uplifting
country’s economic situation in creating nations, it has like-
wise triggered the generation and disposal of a huge amount
of strong wastes that bring about severe troubles connecting
to ecological contamination. Wastes can be thought about as
a by-product of development [1]. A nation like India cannot
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manage to shed them as utter waste. With the enhancing
need for raw products for commercial manufacturing, the
non-renewable sources are diminishing day-by-day. Proce-
dures are to be lugged out for managing air pollution emerg-
ing out of these undesirable wastes by their conversion right
into utilizable products for numerous helpful usages.

The concept of ‘eco-materials’ has obtained essential
importance in the last few years as a result of the require-
ment to preserve our atmosphere. The significance of ‘eco-
material’ makes up ‘secure’ product systems for humans and
various other lifeforms in any way times. Previous experi-
ences have actually subjected that it is vital to define prod-
ucts and also figure out those which are secure for both brief
and also lasting release. The alternative of a product system
that pleases not just commercial needs yet additionally this
broader description of eco-materials, as shown over, is an
immediate requirement. Air pollution is the significant trou-
ble related to fast automation, urbanization, and also surge
in the living requirements of individuals. While automa-
tion has to for boosting the country’s economic situation
in creating nations, it has actually likewise triggered the
generation of considerable amounts of strong wastes that
result in significant issues associating with ecological con-
tamination. Wastes appear to be a result of development.
Minimal waste landfill room, raising the price of garbage
disposal in burning centers and also landfills, exhaustion
of the natural deposits and also the requirement for lasting
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advancement have all intensified the requirement to recy-
cle the products that were when considered as wastes [2].
Overcurrent years, extensive research study jobs have been
executed to discover all feasible reuse techniques of a vast
array of waste products. Yet, building waste, blast heating
system and also steel slag, coal fly ash and also lower ash
have actually been approved in several locations as alter-
nate accumulations in the embankment, roadway, sidewalk,
structure, and also structure construction. Balasubramanian
et al. [3] made use of certain blends of fly ash, red mud and
also invested pot lining to prepare glass—ceramic products,
which revealed outstanding characteristics as well as visual
look for feasible applications as ornamental ceramic tiles in
the structure sector. Ojha et al. [4] executed a relative exami-
nation of biowaste filler (timber apple—coconut) enhanced
polymer compounds. It was discovered that the timber apple
particle compound reveals the finest disintegration as well as
mechanical characteristics than coconut particle compound.

Yuzer et al. [5] explored the impact of raw rice husk
enhancement on the framework and also buildings of con-
crete. They reported that rice husk can be made use of in
concrete manufacturing and the enhancement of rice husk
results in a small decrease in compressive toughness never-
theless it changes physical as well as thermophysical prop-
erties. It was additionally pointed out that rice husk when
utilized in concrete can soak up dangerous gases created at
heats. Ibrahim [6] reported the tribological efficiency of pol-
yester compounds strengthened by agriculture wastes. They
determined that COF of polyester composite enhanced with
the increase of palm fronds as well as wear rate was lowered
upon the boost of palm fronds or mango completely dry
fallen leaves. They likewise noticed that the rise of soft bits
of mango the fallen leaves reduced the coefficient of friction.
Atuanya et al. [7] carried out experimental research on ther-
mal as well as wear behavior of recycled polyethylene/bread-
fruit seed hull ash particle compounds. They observed that
the wear properties of the particle composite were improved
by the enhancement of fragments. Antunes et al. [8] exam-
ined the mechanical and wear characteristics of nano and
also microfilmed polymeric composite as well as the impact
of filler portion and dimension. They examined the relation-
ship agriculture wastes between the filler quantity fraction/
particle dimension and mechanical properties and also the
connection in between wear resistance and also mechanical
characteristics as well as the contact media.

Samal et al. [9] recommended different settings of the
application and also the procedures of red mud in India.
Wang et al. [10] discovered numerous applications of red
mud as the coagulant, adsorbent as well as a catalyst for
eco-friendly procedures.

The main objective is to fabricate a cost-effective, light-
weight nanocomposite. In the present research, polyes-
ter resin/red mud is chosen as reinforced particles. The
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fabrication was done and also evaluated its mechanical
and tribological properties. It is also verified consistent
diffusion of nanoparticles with the evaluation of micro-
structures for various weight percents of, polyester resin/
red mud composite.

2 Selection of Materials

The composite consists of matrix and particle reinforce-
ment. Unsaturated polyester resin is selected as matrix
material and a red mud particle with an average particle
dimension of (100 nm) is used as reinforcement in this
investigation.

2.1 Matrix Material

The matrix chosen for this study work is unsaturated poly-
ester material with a brand name polymer. Cobalt naph-
thenate was utilized as accelerator and also methyl ethyl
ketone peroxide (MEKP) as a curing stimulant. The unsat-
urated polyester material, accelerator, as well as catalyst
were provided by Indian Scientific Chemicals, Tirupathi,
AP, India. The chemical properties of the matrix product
are displayed in Table 1.

2.2 Reinforcement Material

In the present study, red mud is used as a particle reinforce-
ment in the polymer matrix composite. Red mud is a sig-
nificant by-product thought about as a waste worldwide in
lightweight aluminum markets throughout the procedure
removal of alumina (Al,O;) from bauxite by the Bayer’s
procedure. For each ton of alumina generated, around 0.7 to
1.4 tons of red mud is being generated. Red mud includes the
iron, titanium as well as the silica component of the parent
ore in addition to various other small components [11, 12].
It is alkaline, thixotropic as well as has a high surface in the
series of 12—14 m?/g with a density of 3.4 g/cm®. The chemi-
cal composition of red mud fragment is given in Table 2.

Table 1 Properties of unsaturated polyester resin

Reinforce-  Density ~ Young’s  Tensile % Elon-  Impact
ment (g/cm®)  modulus strength  gation strength
(GPa) (MPa) I/em?)
Unsaturated 1.25 1.2 36.5 1.5 0.25
polyester
resin
(100 nm)
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Table2 Composition (wt%) of

X Element Fe,04 Al,O4 Sio, Na,O CaO TiO,
reinforcement ; ;
Wt% of composition (%) 25-55 10-30 3-20 2-20 2-8 2-8
Table 3 Composition samples S. nos Wit% of reinforcement B Theoretical density(g/cc)
of polyester resin and red mud B ¥ xperimental density(g/cc)
reinforcement 1 Polyester + 0% red mud
2 Polyester + 1% red mud &S
3 Polyester +2% red mud 504
4 Polyester + 3% red mud _
5 Polyester +4% red mud g 1.5
= 1.0
3 Experimental Procedure ok
0.0 -

3.1 Fabrication of Composites

The material transfer molding approach was embraced
for the fabrication of composites utilizing a mold con-
structed from the acrylic sheet with a mold dimension of
300 % 135 x5 mm. The mold was covered with poly-vinyl
alcohol, a mold representative for the simple ejection of
the composite. A gauged amount of 100 nm red mud pow-
der was blended with a pre-defined quantity of material.
This combination was included with 0.5% accelerator
and 2.0% hardner, as well as the slurry, was blended in a
hand mixer to obtain a uniform combination [13, 14]. The
entrapped air in the mixer was gotten rid of by vacuum
cleaner desiccators. This uniform combination was after
that gradually decanted right into the mold kept in a likely
placement to avoid the development of air bubbles till the
cavity caries is loaded. It was after that delegated treat
at area temperature level for concerning 24-26 h after
which the healed composite was obtained of the mold.
The various other samples are prepared with by the same
method by differing the red mud content with 0, 1, 2, 3
and 4 wt%. Five samples of composites e produced are
shown in Table 3.

4 Results and Discussions
4.1 Mechanical Testing’s

To ensure comprehensive knowledge of the effect of the
particulate loading on the tribological and mechanical
characteristics of the particulate nanocomposite, the fol-
lowing corresponding examinations were performed on
the red mud particulate reinforced composite specimen
[15].

0% 1% 2% 3% 4%

Wt.% of Red mud reinforcement

Fig. 1 Variation of theoretical and experimental density

4.1.1 Density

To determine the properties of a material, density is the fin-
est method to estimate material characteristics. In present
work, the tests are performed using Archimedes principle
and values are evaluated. Figure 1 represents the graphical
representation of theoretical and experimental density [16].
Polyester resin density value is 1.25/cm?, and the density of
red mud is 3.4 g/cm?>. The theoretical density of nanocom-
posites can be determined by applying the rule of mixture
as shown in Eq. (1).

_
=)-(2)

where p, is the theoretical density of the nanocomposite, p
and W depict the density and weight portion respectively.
The suffix p and m stand for the particulate filler and matrix.

Figure 1 shows the difference between theoretical density
and the experimental density regarding the weight percent-
age of red mud particles. From the graph, it is clear that
density decreases from 0 to 4% with increasing wt% of nano-
reinforcement particles.

P =

4.1.2 Tensile Strength
The tensile test analysis was carried out according to ASTM

standards. The dimension of the examination sampling was
300 mm gauge length. The experiments were executed on

@ Springer



87 Page4of8

Journal of Bio- and Tribo-Corrosion (2019) 5:87

5

Tensile strength(N/mm”)
N
a2
T

N
-
S
<

0% 1% 2% 3% 4%

Wt.% of Red mud reinforcement
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Fig.3 Impact strength of red mud nanocomposite

universal testing equipment. The mechanical properties of
the composites are of great relevance for numerous applica-
tions [17, 18]. Figure 2 reveals the variant of ultimate tensile
strength with an increase in wt% of red mud nanoparticles.
The best tensile strength of the composite product improve-
ments by an amount of 32.76% as the material of nano-rein-
forcement particles rises from 0 to 4 wt%.

4.1.3 Impact Strength

The impact test results of pure epoxy and red mud com-
posites during the impact examination are recorded and
shown in Fig. 3. Its result shows that the impact resistance
to loading of nanocomposites increases with a consider-
able addition of nanofillers. It is seen that nanocomposites
increase by 42%, 64% and 74% with the addition of 1.0, 2.0,
3.0 wt%, respectively, when compared with the pure epoxy.
A literature review reveals that the movement of the polymer
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chain is restricted by the filler material which lowers their
deformability to make the material that is brittle in nature.
Therefore the energy absorbing capacity of the composites is
reduced with the addition of fillers. However, the homogene-
ous dispersion of hybrid nanofillers (1.0, 2.0 and 3.0 wt%)
in the host matrix is noticed which indicates a significant
improvement of impact strength.

4.2 Wear Behavior

The dry sliding wear examinations were generally carried
out using pin-on-disc apparatus according to ASTM G-99
standard. The pin samples of 30 mm length and 6 mm diam-
eter were machined using lathe operation from the compos-
ite rod. A pin holder loaded the fixed pins vertically on a
revolving EN-31 steel disc [13].

4.2.1 Effect of Load on the Wear Rate

The figures of wear rates of loads for polyester resin/red mud
are shown in Fig. 4a, b. In this investigation; the wear rate
is based on adding the reinforcements of the composites.
However, if the load increases, the deformation of the matrix
has occurred. The result shows that adding of the reinforce-
ments decreases the wear rate, due to the interfacial bonding
of both matrix and reinforcements. The minimum amount of
adding reinforcement has higher wear rate for applied loads,
and the maximum amount of adding reinforcements has
lower wear rate for applied loads, which affects the micro-
structure by forming the cluster of the composites.

4.2.2 Effect of Load on Coefficient of Friction

The variations of the COF with loads for polyester resin/
red mud are shown in Fig. 5a, b. From the figure, the COF
decreases with the addition of a weight percentage of rein-
forcement. The COF value gradually decreases by increasing
the loads with respect to increase in the sliding speed. It is
observed that the COF first decreases with an increase in
sliding speed up to a certain value that reaches a minimum
and then further decreases with the sliding velocity. The
decrement of the COF with increased sliding velocity can
be attributed to the fact that the brittle particulate reinforce-
ments in the composites get cracked and are squeezed out
onto the mating surfaces. The percentage of increasing the
reinforcement, the COF decreases due to low metal contact
between matrix and reinforcements.

4.3 SEM Morphology

The morphology of the worn surface of the flatted pin sur-
face is analyzed by scanning electron microscopy (SEM)
and possible wear mechanism is discussed as follows. The
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Fig.4 Wear rate versus polyester/red mud nanocomposite
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Fig.5 Coefficient of friction versus polyester resin/red mud nanocomposite

significant goal of this experimental investigation is to
exhibit the wear behavior of polyester resin/red mud nano-
composites. In these nanocomposites, prediction of wear
characteristics is more complicated, because some physi-
cal interactions and chemical reaction may occur during the
tribology process and it significantly affects the wear perfor-
mance of the hybrid nanocomposites [19, 20]. Under load
20 N, 30 N, and 40 N conditions, the of polyester resin/red
mud nanocomposites worn surface is shown in Fig. 6a—e. It
can be seen on the worn surface of the polyester resin. The
resin contains different weight fraction of hybrid nanocom-
posites, fewer micro-cracks, and pedals on the worn surface
which exhibits the interfacial adhesion between nanocom-
posites and matrix that appears to be reasonably good. This
is beneficial to the stress transfer between the resin matrix
and nanofillers. As a result, the wear resistance of the hybrid
composites is significantly improved by the introduction of
polyester resin/red mud nanocomposites. The resin displays

fractured step on the worn surface and it reveals that the
material removal is brittle in nature. However, 4.0 wt%
of polyester resin/red mud nanocomposites worn surface
exhibit a few micro-cracks and grooves [21].

4.4 XRD Analysis

X-ray diffraction (XRD) evaluation was performed to deter-
mine the crystal conformation of red mud fragments. The
XRD peaks of the red mud fragment are shown in Fig. 7.
The XRD strategy has been utilized to determine the crys-
talline stages of the specimen using monochromatic X-ray
diffractometer [22, 23].

Figure 7 reveals the XRD analysis of red mud. It is proof
that the crystals such as, hematite (Fe,0;), hydroxycancrin-
ite [NagAlSigO,,(OH),], calcite (CaCOs;), quartz (SiO,),
gibbsite [AI(OH);], dicalcium silicate (Ca,SiO,), sodium
aluminum silicate [Na(AlISiO,)], ferrous sulfide (FeS), rutile
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Fig.6 SEM morphology of a polyester resin, b 1%, ¢ 2%, d 3% and e 4% wt% of red mud nanocomposites

phase titania (TiO,) of red mud existed in the XRD sample.
The XRD patterns of the components were referred from
JCPDS documents.

5 Conclusions

The important conclusions of the investigations on polyester
resin/red mud nanocomposites are summarized as follows:

e The tensile strength, hardness and impact energy of this
new class on polyester resin/red mud nanocomposites are
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improving with a considerable addition of hybrid nano-
fillers.

Polyester resin with 4.0 wt% of red mud nanocomposites
significantly provides good result compared with resin.
1.0, 2.0, 3.0, 4.0 wt% of polyester resin/red mud nano-
composites exhibit considerable improvement in tensile
strength, hardness and impact energy. However, 4.0 wt%
nanocomposites significantly exhibit good result than
pure epoxy.

The excessive addition of hybrid nanocomposites forms
a localized bundle and they are scattered which results
in poor performance than the pure epoxy. The enhance-
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Fig.7 XRD analysis of red mud particle

ments in the mechanical properties will depend on the
homogeneous dispersion of the host matrix.

Wear and friction characteristics are significantly
improved in on polyester resin/red mud nanocompos-
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